The formalin model is widely used for evaluating the effects of analgesic compounds in laboratory animals. Injection of formalin into the hind paw induces a biphasic pain response; the first phase is thought to result from direct activation of primary afferent sensory neurons, whereas the second phase has been proposed to reflect the combined effects of afferent input and central sensitization in the dorsal horn. Here we show that formalin excites sensory neurons by directly activating TRPA1, a cation channel that plays an important role in inflammatory pain. Formalin induced robust calcium influx in cells expressing cloned or native TRPA1 channels, and these responses were attenuated by a previously undescribed TRPA1-selective antagonist. Moreover, sensory neurons from TRPA1-deficient mice lacked formalin sensitivity. At the behavioral level, pharmacologic blockade or genetic ablation of TRPA1 produced marked attenuation of the characteristic flinching, licking, and lifting responses resulting from intraplantar injection of formalin. Our results show that TRPA1 is the principal site of formalin's pain-producing action in vivo, and that activation of this excitatory channel underlies the physiological and behavioral responses associated with this model of pain hypersensitivity.
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analgesia ͉ inflammation ͉ trp channel ͉ formaldehyde T he formalin model was developed Ͼ30 years ago to assess pain and evaluate analgesic drugs in laboratory animals (1) . In this test, a dilute (0.5-5%) formalin solution (in which formaldehyde is the active ingredient) is injected into the paw of a rodent, and pain-related behaviors are assessed over two temporally distinct phases, including an initial robust phase in which paw lifting, licking, and f linching are scored during the first 10 min, followed by a transient decline in these behaviors and a subsequent second phase of behavior lasting 30 -60 min (2, 3) .
Compounds that typically affect the first phase (Phase I) include local anesthetics, such as lidocaine (4) . The second phase (Phase II) is proposed to result from activity-dependent sensitization of CNS neurons within the dorsal horn (3, 5, 6) . Many analgesics, including intrathecal nonsteroidal antiinflammatory drugs (7) , NMDA antagonists (8, 9) , morphine (1, 10) , and gabapentin (11, 12) , inhibit only Phase II responses, but not Phase I.
The formalin test has several advantages over other models, in that spontaneous pain-related responses can be observed in a freely moving unrestrained animal. Once injected, no additional stimulus is required to evoke nocifensive behaviors, and behaviors can be scored over a prolonged period such that the precise onset and duration of analgesics can be assessed (1) . However, despite the utility and widespread use of the formalin model in pain research, the mechanism by which formalin triggers C-fiber activation remains unknown (13) and is often attributed to tissue injury (1, 3, 9) .
In this study, we show that formalin activates primary afferent sensory neurons through a specific and direct action on TRPA1, a member of the Transient Receptor Potential family of cation channels that is highly expressed by a subset of C-fiber nociceptors (14-17). TRPA1 is activated by a number of irritants that cause pain, including allyl isothiocyanate (AITC) (17) and allicin (18, 19) , the pungent ingredients in mustard and garlic extracts, respectively; as well as ␣,␤-unsaturated aldehydes, such as acrolein, that mediate the irritant actions of air pollutants (20) . Sensory neurons from TRPA1-deficient mice show greatly diminished responses to each of these compounds, demonstrating that the TRPA1 channel is the primary molecular site through which they activate the pain pathway (20, 21) . Recent studies have shown these irritants activate TRPA1 through an unusual mechanism involving covalent modification of cysteine and lysine residues within the N-terminal cytoplasmic domain of the channel protein (22, 23) . Formaldehyde resembles these compounds, particularly acrolein, in regard to structure and chemical reactivity [supporting information (SI) Fig. 6 ], and thus we assessed whether TRPA1 activation could account for the excitatory actions of formalin on primary afferent nociceptors.
Here, we demonstrate that formalin activates TRPA1 in a heterologous expression system as well as isolated sensory neurons from dorsal root ganglia (DRG) or trigeminal sensory ganglia. Moreover, blockade of TRPA1 in vivo using either a specific antagonist or through disruption of the TRPA1 gene substantially attenuates pain-related responses to formalin. These findings demonstrate that formalin elicits primary sensory neuron excitation and pain through direct activation of TRPA1.
Results
Formalin Activates TRPA1. We generated HEK293 cell lines stably expressing either human (hTRPA1) or rat TRPA1 (rTRPA1) and assessed their sensitivity to chemical stimuli using live-cell calcium imaging. Consistent with previous observations (17, 20) , AITC evoked a dose-dependent Ca 2ϩ rise in hTRPA1-and rTRPA1-expressing cells (EC 50 of 1.9 Ϯ 0.1 and 5.2 Ϯ 0.2 M, respectively; Fig. 1A ) but not in untransfected HEK293 cells or in cells expressing other sensory TRP channels, including hTRPV1, hTRPV3, or hTRPV4 (SI Fig. 7 ). Formalin also elicited Ca 2ϩ influx in TRPA1-transfected cells, but not in parental or other TRP channel-expressing lines (Fig. 1B) . The maximal response evoked by formalin was similar to that evoked by AITC. The EC 50 values for formalin-evoked activation of hTRPA1 or rTRPA1 were 0.0016 Ϯ 0.0001% and 0.0015 Ϯ 0.0001%, respectively (Ϸ200 M; Fig. 1C ). Methanol, which is used as a stabilizer in aqueous formalin solutions, did not evoke TRPA1 activation (data not shown), indicating that responses are caused by formaldehyde itself rather than vehicle components.
We next used whole-cell patch-clamp recording methods to directly assess formalin-evoked membrane currents in TRPA1-expressing HEK293 cells. Both AITC and formalin evoked outwardly rectifying currents that had a reversal potential near ϩ5 mV (Fig. 1D) and were attenuated by the nonselective TRP channel inhibitor, ruthenium red (14, 17, 24) (data not shown). Such currents were not induced by 0.15% methanol. Formalin activated hTRPA1 currents with an EC 50 of 0.003% Ϯ 0.0002 (Ϸ400 M). The EC 50 for AITC was consistent with previous reports, and current amplitudes elicited by AITC and formalin were comparable (Fig. 1D ).
Identification of a Specific TRPA1 Inhibitor. Further characterization of the formalin-induced response was facilitated through the discovery of a potent and selective TRPA1 antagonist. To identify such a blocker, we screened a diverse small-molecule library for compounds that could inhibit the AITC-induced Ca 2ϩ increase in TRPA1-expressing cells. One such compound (HC-030031; SI Fig. 6 ) was found to antagonize AITC-and formalinevoked calcium influx with IC 50 values of 6.2 Ϯ 0.2 and 5.3 Ϯ 0.2 M, respectively ( Fig. 2 A and B) .
To confirm a direct action of HC-030031 on the TRPA1 current, we performed perforated-patch voltage-clamp recordings on TRPA1-expressing HEK293 cells. Both inward and outward currents elicited by AITC or formalin were rapidly and reversibly blocked by HC-030031 ( Fig. 2 C and D) . We also found that HC-030031 blocked activation of TRPA1 by N-methyl maleimide, which opens the channel irreversibly through cysteine modification (22) (data not shown). IC 50 values for TRPA1 blockade by HC-030031 or ruthenium red were similar to those observed in the Ca 2ϩ imaging experiments (Fig. 2) . HC-030031 did not block currents mediated by TRPV1, TRPV3, TRPV4, hERG, or NaV1.2 channels (Table 1) . Finally, we examined other mammalian TRPA1 orthologues (rat and mouse) and found that these channels resembled hTRPA1 in their sensitivity to activation by formalin and to block by HC-030031 (data not shown). Taken together, these results show that, at the doses tested, formalin specifically activates recombinant TRPA1 channels, and that HC-030031 is a potent and selective inhibitor of TRPA1 in vitro.
Formalin Activates TRPA1 in Isolated DRG Neurons. To identify the native target of formalin action, we used calcium imaging to ask whether formalin activates dissociated sensory neurons from rodent DRG and trigeminal ganglia. Approximately 30% of cultured neurons from WT mouse ganglia showed robust increases in intracellular free calcium after application of Ringer's solution containing 0.01% formalin (Fig. 3A) . Subsequent application of AITC induced a slight increase in calcium in all formalin-sensitive cells (Fig. 3B ). In addition, exposure to capsaicin excited a larger cohort of neurons (55%), encompassing all of the formalin-sensitive cells, consistent with the expression profile of TRPA1 channels ( Fig. 3 A and B) (16, 17, 20) . These responses were significantly attenuated by ruthenium red (data not shown). Neurons from TRPA1 Ϫ/Ϫ mice were completely unresponsive to formalin or AITC (Fig. 3C ) but retained normal sensitivity to capsaicin [ Fig. 3 A and B (20) ]. At higher concentrations of formalin (Ͼ0.025%), all neurons showed a small slowly developing increase in intracellular calcium, presumably reflecting nonspecific and irreversible cellular toxicity.
Cultured rat DRG neurons also showed increases in intracellular calcium concentration in response to 0.01% formalin. All cells that responded to formalin also responded to AITC. These responses were blocked by HC-030031 (data not shown). Together, these results demonstrate that TRPA1 is the sole target for the specific excitatory actions of formalin on sensory neurons.
Pharmacologic or Genetic Disruption of TRPA1 Blocks Formalin-
Evoked Pain. To assess the role of TRPA1 in the in vivo response to formalin, we first investigated the effects of HC-030031 on formalin-evoked pain behaviors in rats using an automated flinch-detecting system (10) . Intraperitoneal administration of HC-030031 preceding formalin injection decreased the number of flinches observed in Phase I in a dose-dependent fashion ( Fig.   4 A and B) . At the highest concentration of HC-030031, flinching was reduced to levels similar to those observed with saline injection. HC-030031 also decreased the number of flinches in Phase II, primarily affecting responses within the early component (Phase IIA) of this segment (Fig. 4A) . In contrast, gabapentin, which is widely use to treat neuropathic pain, had no significant effect on Phase I but significantly reduced the number of flinches observed in Phase II, as reported (11, 12, 25) , with the major effect seen in Phase IIB (Fig. 4 A and B) . The effects of HC-030031 and gabapentin were also tested in an AITC-induced flinching model. After injection of AITC (50 l of 10%) into the rat hind paw, HC-030031 (300 mg/kg) significantly reduced flinching during the first 5 min, whereas the same dose of gabapentin had no significant effect (Fig. 4C) . Over the remainder of the hour, both gabapentin and HC-030031 decreased flinch frequency, a result that mirrors the effects observed on formalin-induced flinching (Fig. 4B) . Impaired locomotor function did not account for the reduced flinching, because HC-030031 (at dose levels Յ300 mg/kg i.p.) had no effect in an accelerating rotarod test. In contrast, gabapentin significantly decreased performance in this test, consistent with previous results (12) (Fig. 4D) .
To corroborate a role for TRPA1 in mediating formalininduced f linching, we examined formalin-evoked behavior in mice lacking functional TRPA1 channels (20) . Sensory neurons from TRPA1-deficient mice do not respond to AITC or acrolein. Moreover, these animals do not exhibit acute behavioral responses or the thermal or mechanical hypersensitivity normally associated with topical application of AITC (20, 21) . We found that these animals also displayed significantly attenuated responses in Phase I of the formalin test when compared with WT littermates (Fig. 5) . The Phase II response was also significantly diminished. Interestingly, this decrease in licking and lifting behaviors was seen in both Phase IIA and IIB.
The results presented here support the hypothesis that formalin elicits pain-related behaviors by activating TRPA1 on primary afferent nociceptors. Additionally, these findings suggest that HC-030031 blocks formalin-evoked responses in vivo through its inhibitory actions on TRPA1.
Discussion
We have shown that TRPA1 is required for the generation of formalin-induced pain behaviors in rodents. Formalin also activates TRPA1 in a heterologous expression system. At formalin concentrations of 0.01%, representing a 250-fold dilution from the concentration injected in vivo, this activation appears to be mediated solely by TRPA1. All AITC-sensitive mouse DRG neurons responded to formalin, and neither AITC nor formalin activated a calcium response in neurons from TRPA1 Ϫ/Ϫ animals. In addition, the selective TRPA1 antagonist HC-030031 blocked both AITC-and formalin-induced currents and calcium responses with similar IC 50 values. Taken together, these results support the conclusion that TRPA1 is the principal site of formalin action.
The selective antagonist, HC-030031, provides a useful pharmacological tool to study the role of TRPA1. HC-030031 reversibly blocks TRPA1 currents with a similar potency, regardless of the agonist used; this includes blockade of currents elicited by reversible agonists, such as AITC, or irreversible agonists, such as N-methyl maleimide. Formalin-induced currents, which appear partially reversible, are also efficiently blocked. These data suggest that the inhibition is unlikely to be competitive, although at present the mechanism of block for this small molecule antagonist is uncertain. TRPA1 inhibition by HC-030031 nearly eliminated pain-related flinching in both phases of the formalin response in vivo and also greatly attenuated AITC-induced flinching. The efficacy of HC-030031 in these models parallels the results observed in TRPA1 Ϫ/Ϫ mice, where formalin-evoked pain is significantly reduced. There does remain a small but finite residual response at all phases of the assay, but the nature of this component and whether it derives from a direct action of formalin on the primary afferent nerve fiber remain to be determined.
Our results reveal the molecular mechanism of formalininduced pain. Formaldehyde, the active ingredient in formalin, is a fixative that covalently cross-links proteins in a nonspecific fashion. This cross-linking leads to a variety of effects, including general tissue damage. We show that, rather than inducing neuronal activity in response to nonspecific tissue damage, formalin specifically activates TRPA1 and drives the firing of a subpopulation of C fibers. The mechanism of this activation likely parallels that of other TRPA1 agonists, which induce covalent modification of cysteine and lysine residues (22, 23) . In this way, formalin-evoked TRPA1 activation drives the CNS sensitization that underlies Phase II of the formalin response (5, 6, 13) . Other formalin-based models, such as those for temporomandibular jaw disorder and facial pain, are also likely to be TRPA1-dependent. On a longer timescale, formalin produces blistering and edema, which peak between 4 and 5 h after injection, significantly later than the peak of pain behaviors traditionally measured in animal models (13) . Understanding the relative contribution of afferent-induced neurogenic inflammation and direct local cellular injury due to nonspecific effects of formaldehyde will require further investigation.
Recognition of the key role of TRPA1 in formalin-induced pain resolves the longstanding uncertainty surrounding the mechanism of this widely used model. Our results, combined with recent reports of pain deficits in TRPA1 Ϫ/Ϫ mice (20, 21) , suggest that TRPA1 is a useful target for the development of novel analgesics.
Materials and Methods
Cells. Full-length hTRPA1, TRPV1, TRPV3, TRPV4, and rTRPA1 cDNAs were subcloned into pCDNA5/TO (Invitrogen, Carlsbad, CA). Stable clonal 293-T-REx cell lines (Invitrogen) were selected in 100 g/ml hygromycin and grown according to the manufacturer's instructions. Ca 2؉ Measurements of Recombinant Cell Lines. Cells were plated in 384-well plates. Cells were loaded with 1 M Fluo-4 and 0.05% pluronic acid for 1 h at room temperature. Formalin-selectivity experiments were run with 0.003% formalin. Agonist EC 50 curves used 0-25 M AITC or 0-0.017% formalin. IC 50 curves for TRPA1 antagonists were constructed by using 0.625-40 M antagonist in the presence of 5 M AITC or 0.001% formalin using data collected 3 min after agonist addition. Data were collected by using a Hamamatsu (Hamamatsu City, Japan) FDSS 6000 fluorescence-based plate reader and analyzed using IGOR Pro.
Electrophysiology. For TRPA1 recordings, Ca 2ϩ -free external solution was used, consisting of 145 mM NaCl, 10 mM Hepes, 10 mM glucose, 4.5 mM KCl, 1 mM EGTA, 3 mM MgCl 2 , and pH to 7.4, with NaOH. For other channels, normal Ringer was used, with the identical formulation except lacking EGTA and with 2 mM CaCl 2 and 1 mM MgCl 2 . Cesium aspartate (CsAsp) internal solution consisted of 140 mM CsAsp, 10 mM EGTA, 10 mM Hepes, 2.27 mM MgCl 2 , and 1.91 mM CaCl 2 , pH to 7.2, with CsOH, with a calculated free Ca 2ϩ of 50 nM (MaxChelator; Chris Patton, Stanford University, Palo Alto, CA). For perforated patch recordings, freshly prepared amphotericin was added to this solution at 0.6 mg/ml. Recordings were made by using an Axon Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA) and pClamp 9.0 (Molecular Devices) software. Data were filtered at 4 kHz. For all experiments, the holding potential was Ϫ40 mV. Cells were ramped every 5 s from Ϫ120 to ϩ100 mV over the course of 400 ms. Inward and outward currents were analyzed from the ramps at Ϫ80 and ϩ80 mV, respectively. Solutions were switched by using a gravity-fed continuous focal perfusion system. In contrast, pretreatment with 300 mg/kg of the TRPA1 antagonist, HC-030031 (black), greatly reduced the flinching observed during the initial 5 min of the response to AITC. Pretreatment with gabapentin (gray) had no effect during this initial phase. During the second phase of the response (6 -60 min), both HC-030031 (black) and gabapentin (gray) had an analgesic effect. (D) HC-030031 (black) has no effect on rotarod performance (n ϭ 8). Latencies to fall were measured immediately before (solid) and 1 h after (stippled) compound treatment. No significant effect was seen with HC-030031 at dose levels Յ300 mg/kg i.p. Gabapentin (300 mg/kg i.p., gray) significantly decreased time spent on the rotarod compared with uninjected or vehicle-injected controls (red). * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001; one-way ANOVA, followed by a Bonferroni multicomparison test. lution was prepared fresh daily (Sigma-Aldrich, St. Louis, MO). HC-030031 was obtained from ChemBridge (San Diego, CA). DRG and Trigeminal Calcium Imaging. DRG and trigeminal neurons were isolated and calcium imaging experiments were performed as described by using Fura-2 as the indicator (17, 20) .
Animals. All experiments involving animals were performed in accordance with Institutional Animal Care and Use Committee procedures and protocols. For the formalin test in rats, we used an automated flinch-detecting system (T. Yaksh, University of California at San Diego, La Jolla, CA) (10) . On the day of testing, a small metal band (0.5 g) was loosely placed around the right hind paw of a male Sprague-Dawley rat (average weight, Ϸ250 g). Rats were allowed to acclimate to a Plexiglas chamber for at least 30 min before testing. Formalin was then injected (50 l of 2.5% formalin, diluted in saline) into the dorsal surface of the right hind paw of the rat, and the animal was put into a chamber of the automated formalin apparatus where movement of the formalin-injected paw was recorded. The number of paw flinches was tallied by minute over the next 60 min. Phases were defined as follows: Phase I (0-9 min), Phase II (10-60 min), Phase IIA (10-40 min), and Phase IIB (41-60 min). Upon completion of the test, animals were removed and killed. AITCinduced flinching experiments were carried out identically, with the exception that animals were injected with 10% AITC instead of formalin. For the mouse formalin tests, animals were allowed to habituate to Plexiglas chambers for at least 5 min; 10 l of a 0.5% formalin solution was injected into one of the hind paws, and flinches as well as time spent licking were recorded by a blinded observer.
Locomotor function, coordination, and sedation of animals were tested by using a rotarod apparatus, as described (12) (Accuscan Instruments, Columbus, OH). The rotarod was programmed to accelerate to 20 rpm in 120 sec. All rats were trained 1 day before the study. On the second day, each rat underwent two trials before the treatment to determine the baseline. Effects of compounds were assessed 60 min after a single i.p. injection. The latency of falling from the rotarod was recorded for each animal. Cutoff time was 120 sec.
